In this study, we fabricated Pb nanowires in porous alumina membranes with different diameters by pressure casting. It can produce a large quantity of Pb nanowires with average diameters of 20, 80, 200, and 300 nm and lengths of up to 10 mm. The diameter and length of the nanowires can be controlled by selecting templates with a desired size. The microstructure and size effects of Pb wires on the solidification process were investigated by scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction analysis (XRD), and thermal analysis. The nanowires with average diameters of 20 and 80 nm were single crystals, but those with average diameters of 200 and 300 nm were polycrystals. Finally, we also discussed the melting behaviors of the Pb nanowires in the porous alumina matrix.
Introduction
Casting is a type of material processing exploiting the fluidity of a liquid to pour into a prepared container and solidifying upon cooling. This process has been studied and applied in the scientific and industrial areas for several centuries. The knowledge and techniques of metal casting have been very widely researched. In casting, we need an appropriate mold material, which depends on the chemical characteristics of the substance under consideration, and on the required temperature. A porous alumina membrane is a type of ceramic material and has a low thermal conductivity to keep the solid-liquid interface solidified along a single direction. Since the porous alumina membrane has a high chemical stability and maintains its porous structure during heating and high-pressure processes, it is a very suitable mold.
As the ratio of the surface to volume is large in the case of nanostructure materials, it is possible to observe some distinctive properties of relative bulk materials. One-dimensional (1D) nanomaterials exhibit electronic, 1, 2) magnetic, 3) optical, 4) physical, and chemical properties greatly differing from those observed in the corresponding bulk materials due to quantum effects. There are many synthetic approaches that have enabled the successful fabrication of definition high-quality 1D nanomaterials. Direct template filling is the most straightforward method in the preparation of nanowires and nanorods. Templates frequently used to fabricate nanowires include a porous alumina membrane, porous silicon, a polycarbonate membrane, and a zeolite film. In particular, a porous alumina membrane with hexagonally packed nanometer-sized channels has widely been used for more than 10 years. 5, 6) By carefully choosing anodization conditions, the pore size, pore density, and channel length can be effectively controlled by anodizing pure aluminum films in various electrolytes. Metallic nanowires can also be synthesized by filling a porous alumina membrane with molten metals. It is interesting and useful to combine the traditional process with the nanotechnology. However, few studies have indicated the solidified behavior and structure of the nanowires in the aspect of nanoscale casting. In the present paper, we attempt to find the cause of the nanowires of high crystallinity and also describe the melting temperature of nanowires dependent on the size effect.
Experimental Procedure
To investigate the properties of the 1D quantum wire system, a template is usually used to fabricate various material nanowires. Porous anodic alumina membranes with average channel diameters of 20, 80, 200, and 300 nm were used as templates in this experiment. Aluminum foil (99.7 wt %) was annealed at 873 K for 2 h and then electropolished. After electropolishing, two-step anodization process progressed. The anodization for the 20 nm pore diameter template was performed at 18 V in the 10 wt % sulfuric acid (H 2 SO 4 ). The 80 nm pore diameter template was fabricated by anodizing the Al substrate at 40 V in 0.3 M oxalic acid (H 2 C 2 O 4 ). The templates with the diameters of 200 and 300 nm were generated by anodizing a purity Al substrate at 160 V in the 10 wt % phosphoric acid electrolyte. The thicknesses and pore sizes of the templates were controlled under anodization conditions. Hexagonally ordered pores were obtained on the aluminum surface.
The fabrication of the Pb nanowires was based on the vacuum melting and pressure casting of melted metal. The purity of the initial lead was 99.99 wt %, while the content of impurities did not exceed 10 À2 wt %. Then, a piece of Pb metal and an alumina template were placed inside the vacuum chamber in which the vacuum pressure was maintained at 10 À6 Torr. A hydraulic force was applied to the Pb melt to inject the melt into the nanochannels of the porous alumina membrane. Solidification proceeded using a water cooling method at the bottom of the chamber. The Pb nanowires were formed after cooling to room temperature.
The morphologies and crystal structures of the Pb nanowires were characterized by scanning electron microscopy (SEM) and X-ray diffraction (XRD; D/max 25.50 V, Cu K radiation). The detailed microstructures of the Pb nanowires were observed by transmission electron microscopy (TEM). A PerkinElmer diamond differential scanning calorimeter (DSC) was used to measure the thermal characteristics of the Pb nanowires.
Results and Discussion
During casting, the molten Pb metal was injected into the anodic alumina membrane forming metallic nanowires. The force required to inject Pb melt into the nanochanel is proportional to the surface tension of the melt. The pressure for melt injection into nanochannel can be evaluated as
where F is the normal force, A is the area of the specimen, r is the radius of the nanochannel, is the surface tension of Pb melt, and is the contact angle between the Pb melt and the porous alumina membrane. The surface tension of Pb melt is 468 dyne/cm and the contact angle assumes the least favorable case of complete nonwetting ( ¼ 180 ). This is because most liquid metal/oxide systems have nonwetted ( > 90
) and nonreactive wetted conditions. Moreover, the contact angles would be greater on a rough surface than on a corresponding flat surface. 9) Therefore, the force required to inject the Pb melt into nanochannels with different diameters could be calculated.
After nanochannels were filled with the Pb melt, solidification proceeded immediately with the water cooling method. Heat loss from the bottom of the wire is often a sufficient heat sink. Solidification proceeds from the bottom of the wire to the top region in this experiment. Crystal growth is induced by the movement of the interface between the solid and the melt. When a metal solidified, it nucleates at a large number of points and consists of many crystals in conventional casting. Therefore, the growth of high-quality single crystals is difficult and requires a planar liquid-solid interface and a particularly solidified direction which is antiparallel to that of heat flow. That is, the formation of cells or dendrites must be avoided, and a sufficiently high thermal gradient or a sufficiently low growth rate leads to plane front growth. The temperature gradient at the interface is defined as
It can be observed that the solid/liquid interface of a pure metal is always stable when the temperature gradient is positive (G > 0). The growth rate V means the movement rate of the solid/liquid interface. The ratio G=V largely determines solidification morphologies (planar, columnar, and dendritic). The product of G and V is equivalent to the cooling rate that controls the scale of the microstructures. 10, 11) In this experiment, it is assumed that the steady stable condition for the temperature gradient through the wire is applicable. The temperature difference between the top and bottom of the wire is about 500 K. The length of the wire is 10 mm and the total cooling time is 10 minutes. Therefore, G and V could be estimated to be 5 Â 10 7 K/m and 1:67 Â 10 À8 m/s, respectively. Due to the high G=V ratio and the directional solidification opposite to the direction of heat flow, solidification with a planar interface could occur and the individual nanowires with different diameters are believed to be single crystal structures. 
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show that interrupted wire structures, such as the grain boundary, appear when the diameters of the nanowires are 200 and 300 nm. During casting, the mold shape and material also affect the characteristics of the crystals, such as orientation, shape, composition, and perfection. The alumina membranes with pore diameters larger than 200 nm synthesized in the phosphoric acid solution have the less order and regular pore structures. The cross-sectional image of the alumina membrane with a diameter of 200 nm reveals the presence of some defects, such as branches, interrupted, and deformed channels, as shown in Fig. 3(a) . The imperfect regions may induce a change in heat flow direction or offer preferably nucleated sites during solidification. Therefore, more polycrystals would possibly grow in these nanowires. Figure 3(b) shows the cross-sectional image of the alumina membrane whose pore diameter is 80 nm. Since the nanochannel is straight and uninterrupted, the wire solidified in it could form a single crystal structure, as shown in Fig. 2(b) . (111), (200), and (220) are the same as the peaks of Pb bulk with a face-centered cubic structure. 12, 13) The major crystal plane of Pb nanowires with different diameters IS the (111) lattice plane. The relative line intensities of I ð200Þ =I ð111Þ are estimated. The intensity ratio decreases as the Pb wire diameter decreases. It can be shown that the nanowires produced by pressure casting, particularly those with small diameters, have a high crystallinity and a preferred crystal orientation; moreover, the crystal structure of bulk is preserved in the nanowires after heating and high pressure processes.
As the size of nanomateris decreases, the number of surface atoms greatly increases. The large surface to volume ratio of nanomaterials could change the thermodynamic properties determined by the number of surface atoms. Since the reduced coordination number of the surface atoms increases the surface energy, atom diffusion occurs easily at low temperatures. To study the size effect on the melting temperature of the Pb nanowires in the porous alumina membrane, DSC analyses were carried out. Figure 5 shows the relationship between the melting temperature obtained by DSC measurement and the Pb nanowire diameter. Curve A denotes experimental values for Pb nanowires with diameters ranging from 20 to 300 nm. It can be seen that the melting temperature decreases apparently as the Pb nanowire diameter decreases. Qi 14) has developed a model accounting for the melting temperature of free-standing nanosolids. For rod like nanosolids, such as nanowires, the relationship between the melting temperature and the wire diameter can be expressed as
Here, T mðrÞ and T mb are respectively the melting temperatures of the nanowire with the radius r and the corresponding bulk material, and d is the atomic diameter. For the Pb metal, T mb is 600 K and the atomic diameter is 0.35 nm.
15)
The theoretically calculated results are shown in curve B.
For nanostructures embedded in a matrix, they can melt below the melting point of the bulk materials when the interfaces between the embedded nanocrystals and the matrix are incoherent. [16] [17] [18] Zhang et al. 16) reported that the T mðrÞ of metallic nanomaterials embedded in a matrix is described as
Here, r 0 is the critical radius of a particle in which all atoms are located on its surface. is defined as the ratio of the mean square displacement of atoms on the surface to that in the interior of crystals, as shown in
Here, h M and h m are respectively the atomic diameters of the matrix and the nanomaterials, and T Mb is the melting point of the matrix. For Pb nanowires embeded in the alumina matrix, r 0 ¼ 0:7 nm and ¼ 1:156, the variation in T mðrÞ with diameter is presented as curve C in Fig. 5 .
The experimental values (curve A) are in agreement with the results in curve B especially for the diameters larger than 200 nm. The melting temperature of free-standing Pb wires (curve B) decreases rapidly when the diameter is less than 50 nm. This result means the presence of the size effect in the free-standing Pb wires. Furthermore, the melting temperatures of the Pb wires with diameters less than 80 nm (curve A) are near the melt behavior of the Pb wires embedded in the alumina matrix (curve C). These results could be explained by considering the contribution of the free surface of the Pb wires with different diameters in the porous alumina membranes. In our experiment, the Pb wires with diameters of 200 or 300 nm show a larger free surface fraction than the wires with diameters less than 80 nm. Therefore, the thermal properties of the Pb wires in the alumina membrane are similar to those of the free-standing wires with larger diameters. When the diameter decreases, the melting temperature variation shows the same tendency with the wires embedded in the matrix. 
Conclusions
Pb nanowires with diameters of 20, 80, 200, and 300 nm are successfully fabricated by casting. A Pb melt is solidified along the reversed direction of heat flow from the bottom to the top for the wire inside an alumina membrane. The nanowires bear a high temperature gradient and have a low growth rate besides directional solidification. According to theoretical calculations, the nanowires prepared by pressure casting are single crystal structures regardless of their diameters. From TEM experiments, as the diameters of the nanowires increase, the microstructures of the nanowires are easily formed polycrystals due to the effects of mold properties. In DSC analyses, the Pb nanowires in the alumina membrane exhibit a reduced melting temperature from the bulk. The size-dependent melting temperatures of the Pb nanowires in the porous alumina membrane are predicated by two models.
